Citrus tristeza virus (CTV), a member of the genus Closterovirus of the family Closteroviridae, consists of a 19.3-kb singlestranded RNA genome of positive polarity organized into 12 open reading frames (ORFs) (9, 15) . The virion RNA serves as a messenger to produce two polyproteins: one contains two papain-like proteases (L-Pro) plus methyltransferase-like (MTR) and helicase-like (HEL) domains, and the larger polyprotein has an additional RNA-dependent RNA polymerase-like domain that is thought to result from a ϩ1 frameshift (9) . The remaining 10 ORFs are expressed through a nested set of 3Ј-coterminal subgenomic RNAs (sgRNAs) (6) . Only the 5Ј ORFs 1a and 1b are required for replication in protoplasts (19) , while the early-expressed 3Ј-most gene (p23) (14) is required for asymmetrical accumulation of plus and minus strands of both genomic and sgRNAs (20) .
In infected cells, CTV produces an unusually large diversity of RNAs. In addition to the expected genomic RNA and its complementary copy, each 3Ј ORF controller element produced three different RNAs: a 3Ј-terminal plus-strand RNA to serve as messenger for the adjacent ORF and a relatively large amount of a corresponding minus-strand sgRNA, plus a 5Ј-terminal plus-strand sgRNA, apparently produced by termination near the controller element during genomic RNA synthesis (4) . Considering the 9 or 10 3Ј controller elements (only 9 3Ј-terminal sgRNAs are visible from Northern blot hybridizations), this sums to 29 to 32 RNA species.
In addition, among the most abundant RNAs produced by CTV are two small 5Ј-coterminal plus-strand sgRNAs of ϳ800 nucleotides (nt) (2, 12) . These RNAs, designated low-molec-ular-weight tristeza (LMT) RNAs (12) , are populations with heterogenous 3Ј termini at nt 842, 854 (LMT1) and nt 744 to 746 (LMT2) for the VT strain of CTV (2) . Since there were no corresponding minus-strand sgRNAs complementary to the LMT RNAs, it was proposed that the latter were produced by premature termination during genomic RNA synthesis (2, 12) . All of the several different strains of wild-type CTV examined in protoplasts produced both populations of LMT RNAs, yet the CTV replicon with all of the 3Ј ORFs deleted (19) produced only the larger LMT1 RNAs (2) . Similar 5Ј-terminal plus-strand sgRNAs have been observed for other members of the Closteroviridae: a similarly sized RNA for Beet yellows virus (BYV), a related Closterovirus (5) , and a larger RNA for Lettuce infectious yellows virus, a Crinivirus (18) .
In the present study, we characterized a cis-acting element (the 5Ј termination region [5ЈTR]) in the area corresponding to the 3Ј termini of the LMT1 RNAs that effects the production of these sgRNAs. The sequences surrounding the putative LMT1 termination region were located within the replicase polypeptide coding region and could not be extensively manipulated without interfering with virus replication. We overcame this limitation by duplicating this region into the 3Ј end of the genome of the CTV replicon, where the cis-acting element continued to function, producing a much longer 5Ј-terminal plus-strand RNA. Unexpectedly, this cis-acting element functioned as a strong sgRNA promoter when positioned near the 3Ј terminus, inducing the accumulation of high levels of a new 3Ј-terminal plus-strand sgRNA. Mapping and characterization of the duplicated terminator/promoter element allowed precise mutagenesis of the 5ЈTR at its native location without affecting the replicase function. Remarkably, mutation of the native cis-acting element, such that neither the 5Ј-terminal nor the 3Ј-terminal sgRNAs were produced, failed to detectably reduce the replication of CTV in protoplasts.
MATERIALS AND METHODS
Plasmid construction. The full-length cDNA clone of CTV, pCTV9, and CTV replicons, pCTV-⌬Cla and pCTV-⌬Cla333 (4, 19) , were used as parent plasmids for DNA amplification and generation of mutants used in this study ( Table 1) . The nucleotide numbering and the sequence of the oligonucleotides designed were based on the sequence of the T36 isolate of CTV (9) (GenBank accession no. NC_001661). The mutants generated in pCTV-⌬Cla333 were always ligated between unique XhoI and StuI restriction sites (see Fig. 1A) .
A positive oligonucleotide (5Ј-3Ј nt 524 to 543) that contained an XhoI restriction enzyme site at the 5Ј end and two negative primers (3Ј-5Ј nt 956 to 943 and 1164 to 1147) were used to amplify DNA fragments corresponding to the LMT region to construct pCTV:524/956 and pCTV:524/1164, respectively (Table  1) . Similarly, a plus-strand primer (5Ј-3Ј nt 1497 to 1516) with an XhoI site at the 5Ј end and a minus-strand primer (3Ј-5Ј nt 2124 to 2092) were used to construct pCTV:1497/2124.
The defective RNA (dRNA) was generated by a large internal deletion in CTV9 (19) created by overlap extension PCR (7). The plus-strand overlap PCR primer contained sequence that corresponded to 5Ј-3Ј nt 2872 to 2892, followed by 5Ј-3Ј nt 18394 to 18414. The minus-strand primer represented the complementary sequence of the plus-strand primer. The outer 5Ј PCR primer corresponded to 5Ј-3Ј nt 773 to 793, while the extreme 3Ј PCR primer was complementary to the 3Ј end of CTV and contained a NotI restriction site. The final amplified product was digested with BglII (at nt 1026) and NotI and ligated between similarly digested CTV-⌬Cla333. The dRNA construct, CTVdRNA 2892/p23, thus contained up to 2,892 nt at the 5Ј end, followed by the entire coding region of p23 ORF and the 3Ј nontranslated region (3ЈNTR) towards the 3Ј end.
Deletion mutants were generated to identify minimal sequences of the 5ЈTR. Mutants CTV:635/956, CTV:705/956, and CTV:789/956 were generated using DNA fragments amplified by plus-strand primers, with the 5Ј end starting at nt 635, 705, and 789, respectively, and with an XhoI site at the 5Ј end, and a constant minus-strand primer (3Ј-5Ј nt 956 to 943). The 3Ј deletion mutants CTV:524/789, CTV:524/775, and CTV:524/705 were generated using a constant plus-strand primer (5Ј-3Ј nt 524 to 543) that contained an XhoI site and minus-strand primers (3Ј-5Ј nt 789 to 769, 775 to 750, or 705 to 683, respectively). Construct pCTV: 719/775 was generated using a plus-strand primer (nt 719 to 736 with an XhoI site at the 5Ј end) and a minus-strand primer complementary to the 3Ј end of the CTV genome (3Ј-5Ј nt 19296 to 19269 with a NotI restriction site at the 5Ј end). DNA was amplified using pCTV:524/775 as template, digested with XhoI and NotI, and ligated between similarly digested pCTV:524/775. Mutants CTVM1-CTVM11 were generated by overlap extension PCR using a set of positive and negative primers that contained the intended mutation. The 5Ј-and 3Ј-end primers (5Ј-3Ј nt 524 to 543 and 3Ј-5Ј nt 956 to 943, respectively) used for the final overlap DNA amplification step corresponded to the primers that were used to construct mutant CTV:524/956.
The site-specific mutations used to examine putative secondary structures in (Fig. 1, 2, and 4) . Mutants in the third group contained 5ЈTR duplicated in the 3Ј end of pCTV-⌬Cla333. The mutation was introduced by overlap extension PCR and ligated between XhoI and StuI sites (Fig. 6) . Mutants in the fourth group contained changes in the 5ЈTR in its native position in pCTV-⌬Cla. The mutations were generated by overlap extension PCR and ligated between unique StuI and BglII restriction sites (Fig. 7) . Mutant pCTV dRNA 2892/p23 contained a large internal deletion (nt 2893 to 18393) in CTV9 (Fig. 3) . Mutants in the final group contained changes in 5ЈTR in its native position in CTV9 (Fig. 8) .
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CHARACTERIZATION OF CTV 5Ј-PROXIMAL CONTROLLER ELEMENTthe native 5ЈTR were constructed in a modified pCTV-⌬Cla that contained a unique StuI site at the 5Ј end upstream of the SP6 RNA polymerase sequence (19) . The 5Ј primer was designed upstream of the SP6 RNA polymerase sequence, while the 3Ј primer (3Ј-5Ј nt 1164 to 1147) was located at the 3Ј end of the unique BglII site in CTV-⌬Cla. The overlap extension PCR products were digested with BglII and ligated between StuI-and BglII-digested pCTV-⌬Cla.
Site-specific mutations in the native 5ЈTR of full-length CTV (CTV9) were introduced by the exchange of the ϳ15.6-kb DNA fragment between NcoI and NotI sites from CTV9 (19) into CTV-⌬Cla mutants.
The homology of the 5ЈTR of different isolates of CTV was determined using Clustal W (23) .
Transfection of Nicotiana benthamiana protoplasts and Northern blot hybrid- ization analysis. Synthesis of the transcripts from NotI-linearized templates, polyethylene glycol-mediated transfection of the N. benthamiana mesophyll protoplasts, subsequent isolation of the total RNA, and Northern hybridization analyses were performed as described by Satyanarayana et al. (19) . The 5Ј and 3Ј digoxigenin-labeled riboprobes used in this study have been described earlier (19) .
RESULTS
Sequences surrounding the 3 terminus of the LMT1 RNAs produce 5-terminal sgRNAs. The ϳ800-nt 5Ј-terminal sgRNAs (LMT1 and LMT2) that were found associated with CTV were suggested to be products of premature termination during synthesis of genomic RNAs (2). One possibility was that a cis-acting element of the minus-strand template RNA near the 3Ј termini of the LMT RNAs effects termination. For simplicity, we refer to this region as the 5Ј termination region (5ЈTR). To identify and examine a possible termination element in this region, we would need to be able to delete adjacent areas and to mutate it. However, this area, located ϳ700 to 900 nt from the 5Ј end of the genome, encodes the N terminus of the leader protease I (L-ProI) (9) . Mutations made in this region interfere with replication of the virus (references 16 and 19 and unpublished data). To overcome this limitation, we chose to duplicate the 5ЈTR to a position within the genome that would not interfere with replication and would allow examination of whether these sequences function as a transcription terminator. Previously we developed a CTV replicon, CTV-⌬Cla333, which retains none of the 3Ј genes but replicates efficiently in protoplasts without producing any 3Ј sgRNAs (4) . This replicon contains the 5ЈNTR, ORF 1a/1b (nt 1 to 10857), followed by a few unique restriction sites and ϳ800 nt of the 3Ј end of the CTV genome (nt 18529 to 19296 [ Fig.  1A] ) (4). We inserted a second set of the 5ЈTR sequences into CTV-⌬Cla333 between ORF1a/1b and the 3Ј end of CTV⌬Cla333 to examine whether the inserted sequences in this context produced a new, correspondingly longer 5Ј-terminal sgRNA.
We ligated relatively large portions of the 5ЈTR, including the putative termination sites (ϳnt 800) plus ϳ200 to 400 nt in both directions, into CTV-⌬Cla333 to generate CTV:524/956 (nt 524 to 956) and CTV:524/1164 (nt 524 to 1164) (Fig. 1A) . As a control, a region of similar size not near the putative termination sites, but immediately 3Ј of the catalytic His464 residue of L-ProI (nt 1497 to 2124) (9), was similarly ligated into CTV-⌬Cla333 to generate CTV:1497/2124 (Fig. 1A) . RNA transcripts of these constructs were transfected into N. benthamiana mesophyll protoplasts, and the total RNA isolated 3 and 4 days postinoculation was analyzed by Northern blot hybridizations using 5Ј plus-or minus-strand RNA-specific riboprobes (Fig. 1B) . All three constructs replicated and produced plus-and minus-strand genomic RNAs plus the 5Ј-terminal plus-strand LMT1 sgRNA expected for the replicon (Fig. 1B) (2) . In addition, constructs CTV:524/956 and CTV: 524/1164 produced a new plus-strand RNA of ϳ11.0 kb (referred to as sgRNA1) that was slightly smaller than the genomic RNA (Fig. 1B) . The smaller size of this RNA and its detection by the 5Ј-terminal probe but not the 3Ј-terminal plus-strand RNA-specific probe (see below) suggested that it was a 5Ј-terminal sgRNA. A corresponding minus-strand RNA was not detected (Fig. 1B, right panel) . Accumulation of sgRNA1 was not observed from RNAs extracted from protoplasts infected with CTV-⌬Cla333 or CTV:1497/2124 (Fig.  1B) . Thus, the insertions containing the putative termination region in the new context near the 3Ј end of the CTV replicon resulted in the production of an additional 5Ј-terminal sgRNA.
Synthesis of a new 3-terminal sgRNA from the duplicated 5TR. Previously, when examining the elements controlling mRNA production by the 3Ј genes, we found that each controller element produced a large 5Ј-terminal plus-strand sgRNA in addition to the 3Ј-coterminal mRNA (4), which appears to be similar to that shown in Fig. 1B . Thus, if the 5ЈTR functioned similarly to the 3Ј controller elements, it might produce a 3Ј-terminal sgRNA in addition to the 5Ј-terminal sgRNA. To examine this possibility, we hybridized the total RNA derived from protoplasts infected with mutant CTV-⌬Cla333, CTV:524/956, CTV:524/1164, or CTV:1497/ 2124 with 3Ј plus-or minus-strand RNA-specific riboprobes (Fig. 2) . Constructs CTV:524/956 and CTV:524/1164 produced new 3Ј-terminal plus-strand sgRNAs of ϳ1.0 and 1.2 kb, respectively (Fig. 2) . The increase in the size of the 3Ј-terminal sgRNA in CTV:524/1164 was correlated with the larger 5ЈTR ligated into CTV-⌬Cla333 compared to that of CTV:524/956 (Fig. 1A) . The accumulation levels of the 3Ј-terminal sgRNAs were much greater than those of the genomic RNA and of the corresponding 5Ј-terminal sgRNAs. In contrast to the controller elements of 3Ј ORFs, no minus-strand sgRNA corresponding to the 3Ј-terminal sgRNA was detected (Fig. 2) . The new 3Ј-terminal sgRNAs were not observed from CTV-⌬Cla333-or CTV:1497/2124-infected protoplasts, but normal levels of the genomic plus-and minus-strand RNAs (Fig. 2) and the small 5Ј-terminal LMT1 RNAs (Fig. 1) were observed. These results suggested that when duplicated into the 3Ј end of the CTV replicon, the 5ЈTR functioned in the production of both 5Ј-and 3Ј-terminal plus-strand sgRNAs and that the smaller 5ЈTR subset, nt 524 to 956, was sufficient for the production of both RNAs.
The native 5TR element produces a 3 terminal sgRNA. Synthesis of a 3Ј-terminal sgRNA by the 5ЈTR element when present in the 3Ј position in CTV:524/956 suggested that the native 5ЈTR in the 5Ј end of the genome probably also synthesized a 3Ј-terminal sgRNA. We did not detect such an sgRNA during replication of CTV-⌬Cla333 (Fig. 2) . However, if it were produced, it would be only ϳ800 nt smaller than the full-length replicon RNA and might not be resolved as a distinct band during Northern blot hybridization analysis. Also, the abundance of this RNA would probably be low based on the observation that other sgRNAs tend to be produced in smaller amounts when positioned farther from the 3Ј terminus (4, 19) . To overcome this, we constructed a dRNA (CTVdRNA:2892/p23) with 2,892 nt of the 5Ј end ligated to the p23 ORF plus the 3ЈNTR such that a potential 3Ј-terminal sgRNA from the native 5ЈTR would be resolved (Fig. 3A) . CTV-⌬Cla333 was used as the helper replicon because it produces no 3Ј-terminal sgRNAs to interfere with the examination of a new 3Ј-terminal sgRNA. The dRNA and CTV-⌬Cla333 were cotransfected into N. benthamiana protoplasts, and the total RNA was analyzed with the 3Ј and 5Ј plus-or minusstrand RNA-specific probes. The dRNA and CTV-⌬Cla333 replicated in protoplasts and produced full (dRNA and replicon)-length plus-and minus-strand RNAs (Fig. 3B) . In addi- VOL. 77, 2003 CHARACTERIZATION OF CTV 5Ј-PROXIMAL CONTROLLER ELEMENTtion, a smaller 3Ј terminal plus-strand sgRNA was produced (Fig. 3B) . However, no complementary minus-strand sgRNA was observed (Fig. 3B) . The size of the new 3Ј-terminal sgRNA, ϳ750 nt smaller than the dRNA, and the lack of hybridization with the 5Ј plus-and minus-strand RNA-specific probes (Fig. 3B ) are consistent with its being produced by the 5ЈTR. Determination of a minimal region required for production of the 3-and 5-terminal sgRNAs. The sizes of the LMT1 RNAs suggested that the population of 3Ј termini would correspond to ϳ800 nt. To delineate a minimal set of sequences required for the production of the 3Ј-terminal sgRNA and the 5Ј-terminal sgRNA1, a series of progressive deletions were made from the 5Ј end of the insertion in CTV:524/956 to generate mutants CTV:635/956, CTV:705/956, and CTV:789/ 956; these mutants contained 322, 252, or 168 nt of the 5ЈTR, respectively (Fig. 4A, b, c, and g ). Similarly, progressive deletions were introduced from the 3Ј end of the insertion in CTV:524-956 to generate CTV:524/789, CTV:524/775, and CTV:524/705 containing 266, 252 or 182 nt of the 5ЈTR, respectively (Fig. 4A, d to f) .
All mutants replicated in protoplasts and accumulated plusand minus-strand genomic RNAs (Fig. 4B) . However, production of the new 3Ј-and 5Ј-terminal sgRNAs was observed only with constructs CTV:524/956, CTV:635/956, CTV:705/956, CTV:524/789, and CTV:524/775 (Fig. 4B) . These results suggested that the region between nt 705 to 775 was involved in the production of both 5Ј-and 3Ј-terminal sgRNAs. We generated another mutant, CTV:719/775 (Fig. 4A, h) , with a smaller subset of the 5ЈTR (57 nt) inserted into CTV-⌬Cla333. This mutant also replicated normally and still produced both sgRNAs (Fig. 4B, lanes h) . None of these mutants accumulated detectable levels of a minus-strand sgRNA complementary to the 3Ј-or 5Ј-terminal plus-strand sgRNA (Fig. 4B) . Thus, the 57-nt segment of the 5ЈTR element, when duplicated in the 3Ј end of the replicon, was sufficient to produce both 5Ј-and 3Ј-terminal plus-strand sgRNAs.
Predicted secondary structure of the minimal 5TR element. The sequences of 5ЈTR encode a part of the leader protease of ORF 1a (9) that has an unusually high level of sequence conservation (Ͼ82%) among different isolates of CTV (Fig. 5A) , while surrounding sequences are substantially less highly conserved. The smallest subset of sequences (57 nt) of the 5ЈTR that was active for the synthesis of both 3Ј-and 5Ј-terminal sgRNAs was predicted to fold into two stem-loops separated by a small spacer region (Fig. 5B ) (MFOLD program [28] ). Both plus and minus strands gave approximately similar patterns of folding, with free energies of Ϫ17.13 and Ϫ15.1 kcal/ mol, respectively. Since this cis-acting element is involved in the production of plus-strand sgRNAs, it is expected that the minus-strand sequence would be functional. However, since the convention of nucleotide numbering corresponds to the plus-strand, we use plus-strand numbering, in which the putative stem-loop 1 (SL1) and 2 (SL2) sequences encompass nt 723 to 741 and 746 to 770, respectively, separated by a 4-nt spacer (nt 742 to 745).
Mutagenesis of the predicted stem-loops of the 5TR element. In an attempt to determine whether the predicted secondary structures correlate with biological activity, we introduced mutations designed to alter both the primary and secondary structures or to alter the primary structure while attempting to preserve similar secondary structures (Fig. 6) . The mutations, including deletions, substitutions with nonviral sequences, compensatory changes, and site-specific substitutions (Fig. 6B) , were introduced into CTV:524/956.
FIG. 2. Synthesis of 3Ј-terminal sgRNAs by the 5ЈTR in the 3Ј position.
A Northern blot analysis of the total RNA isolated 3 and 4 days postinoculation (dpi) of N. benthamiana protoplasts transfected with the constructs outlined in Fig. 1 is shown. The blots were hybridized with 3Ј plus-and 3Ј minus-strand (left and right panels, respectively) RNA-specific probes. Positions of the genomic (g) and sgRNAs are indicated.
(i) Mutations in SL2 sequences. Mutant CTV:524/956 M1 contained a replacement of nt 747 to 753 (UACCAGC) by nonviral nucleotides (CUCGAUG) to disrupt the predicted stem of SL2. CTV:524/956 M2 had a deletion of nt 753 to 763 to remove a portion of stem and putative loop region of SL2 (Fig. 6B) . These mutants replicated and produced 3Ј-terminal sgRNAs (Fig. 6C ) and 5Ј-terminal sgRNA1 (data not shown) at levels similar to those produced by the unmodified control, CTV:524/956, suggesting that SL2 played no more than a minor role in the production of these RNAs.
(ii) Mutations in SL1 sequences. Mutant CTV:524/956 M3 contained a deletion of the putative loop (nt 729 to 735), which should destroy the secondary structure of SL1. Mutant CTV: 524/956 M4 contained a replacement of the putative loop (nt CAAUUAG) by nonviral nucleotides (UGUGCGA), while CTV:524/956 M5 contained a substitution of the central nucleotides of the loop (AUU to UGC) (Fig. 6B) . All three mutants replicated efficiently but did not produce the 3Ј-terminal (Fig. 6C) or 5Ј-terminal (data not shown) sgRNAs. The next set of mutations were introduced in the putative stem region of SL1. Mutant CTV:524/956 M6 contained a replacement of nt 723 to 729 by nonviral nucleotides (AGUGAAU), and CTV:524/956 M7 contained a replacement of nt 735 to 741 of the other part of the stem by nonviral nucleotides (AUUC ACU) to disrupt the predicted stem of SL1; while CTV:524/ 956 M8 had compensatory mutations with nonviral sequences of both CTV:524/956 M6 and CTV:524/956 M7 to restore the predicted stem structure of SL1 (Fig. 6B) . These mutants replicated normally in protoplasts but produced neither the 3Ј-terminal sgRNA (Fig. 6C) nor the 5-terminal sgRNA1 (data not shown). Thus, all changes examined within the SL1 area destroyed the function of this cis-acting element.
We next examined a series of site-specific mutations in the SL1 area that could be useful later in examination of the native 5ЈTR in the 5Ј end of the genome. These mutants were designed to cause minimal disruption of the N terminus of L-ProI encoded by the 5ЈTR while attempting to disrupt sgRNA production. Mutants CTV:524/956 M9, CTV:524/956 M10, and CTV:524/956 M11 contained replacements by nonviral nucleotides, as shown in Fig. 6B . These mutants replicated and produced normal amounts of genomic RNAs, but the accumulation of the 3Ј-terminal sgRNA was not observed with CTV: 524/956 M9 and CTV:524/956 M10, while a reduced level of accumulation of this sgRNA was observed with CTV:524/956 M11 (Fig. 6C) . In addition, the LMT RNAs accumulated normally from the native 5ЈTR, suggesting that none of the 3Ј duplications or mutations affected the native cis-acting element (data not shown).
LMT RNAs are not required for the replication of CTV in protoplasts.
To examine the function of the LMT1 RNAs and the undetected but expected 3Ј-terminal sgRNA produced from the native 5ЈTR, mutations that were shown to alter the function of the duplicated 5ЈTR in the 3Ј end of the replicon were incorporated into the native 5ЈTR and examined for genomic RNA replication and production of LMT1 RNAs. For this purpose, we used a CTV replicon, CTV-⌬Cla (19) . Use of this replicon allowed us to monitor whether the function of the 5ЈTR effected replication and/or the synthesis of the sgRNA from the 3Ј ORF (p33) controller element. Total RNAs from protoplasts transfected with the transcripts of mutants were analyzed by Northern blot hybridization analysis using 3Ј or 5Ј plus-strand RNA-specific riboprobes. Mutant CTV-⌬ClaM12 ( Fig. 7A ; similar mutation to M1 in Fig. 6B ) contained nonviral nucleotides GAGCUACUU encoding Glu212, Leu213, and Leu214 in place of AUGGUCGCU, which encoded Met212, Val213, and Ala214, resulting in three amino acid substitutions in L-ProI. This change completely abolished the ability of the mutant to replicate in protoplasts (Fig. 7B) . Other mutants (CTV-⌬ClaM13, CTV-⌬ClaM14, CTV-⌬ClaM15, and CTV⌬ClaM16) also contained amino acid alterations in L-ProI as shown in Fig. 7A . CTV-⌬ClaM13, with two amino acids altered, resulted in continued accumulation of the LMT1 RNAs. The other mutations (CTV-⌬ClaM14 to CTV-⌬ClaM16) that prevented production of the 5ЈTR-induced 3Ј-terminal sgRNA when positioned in the 3Ј region of the replicon ( Fig. 6C ; mutants M6, M4, and M5) similarly prevented the production of the LMT1 RNAs but allowed normal production of genomic and subgenomic plus-and minus-strand RNAs. It is possible that the prevention of accumulation of the LMT1 RNAs could have resulted from changes in the amino acid sequence of L-ProI rather than from a change in the primary structure of the 5ЈTR. To examine this possibility, the "wobble" bases of codons were mutated in CTV-⌬ClaM17 to CTV-⌬ClaM19 to avoid changes in the amino acid sequence of L-ProI (Fig. 7A) . These mutants replicated in protoplasts producing normal amounts of genomic plus-strand (Fig. 7B) and minus-strand (data not shown) RNAs. The accumulation of the LMT1 RNAs was not observed in mutants CTV-⌬ClaM17 (the nucleotides changed were nt 722, 725, 728, 731, 734, and 737) and CTV-⌬ClaM18 (nt 728, 731, 734, and 737). Small amounts of LMT1 RNAs accumulated in cells infected with mutant CTV⌬ClaM19, which had the same mutation as mutant M11 (Fig.  6B ) (which also accumulated the 3Ј-terminal sgRNA, albeit at reduced levels). The synthesis of the p33/p23 chimeric sgRNA controlled by the native p33 controller was not affected by any of the mutations (Fig. 7B, right panel) . Similarly, mutations were introduced into the 5ЈTR in the full-length CTV, CTV9. The mutants CTV9-M13 to CTV9-M16 (Fig. 8) (corresponding to CTV-⌬ClaM13 to CTV-⌬ClaM16) replicated in protoplats and produced genomic RNAs and sgRNAs approximately similar to those of CTV9 (Fig. 8) . These results suggested that the 5ЈTR functions (synthesis of LMT RNAs and the large 3Ј-terminal sgRNA) were not needed in protoplasts for replication of the genomic RNAs or production of 3Ј ORF sgRNAs.
DISCUSSION
Analysis of a putative cis-acting element such as that involved in the production of the LMT RNAs would generally require extensive mutations, deletions, or substitutions. However, this cis-acting element probably was positioned within the ORF 1a region encoding L-ProI. Previous mutations within the L-ProI domain of CTV (reference 19 and unpublished data) or BYV (17) greatly debilitated or prevented replication. Thus, traditional mapping in this region was not possible. However, the continued function of the duplicated 5ЈTR element inserted near the 3Ј terminus facilitated its examination. The insertion of a second 5ЈTR did not affect the activity of the native element, which continued to produce normal amounts of LMT1 RNAs. The second 5ЈTR element produced a much larger 5Ј-terminal sgRNA at a lower level of accumulation than the LMT RNAs. The initial analysis of the duplicate 5ЈTR in the 3Ј end of the replicon permitted precise mutagenesis of the native element without disrupting the replicase proteins of ORF 1a.
Remarkably, the duplicate 5ЈTR element located near the 3Ј end caused the production of large amounts of a newly observed 3Ј-terminal sgRNA, suggesting that the native 5ЈTR also produces a much larger 3Ј-terminal sgRNA that is below our level of detection. This supposition was supported by the visible 3Ј-terminal sgRNA produced by the native 5ЈTR from the dRNA.
Since only plus-strand sgRNAs accumulated due to the 5ЈTR, it appears that the 5Ј-terminal sgRNAs were produced via termination and the 3Ј-terminal sgRNA was produced by classical promotion: the replicase initiating internally on the complementary minus strand of the genomic RNA. It could be argued that production of a 5Ј-terminal sgRNA and a 3Ј-terminal sgRNA which additively are approximately the same size as the genomic RNA is reminiscent of mRNA synthesis by minus-strand RNA viruses (22) . However, CTV did not express its sgRNAs in the expected polar ratio. In fact, CTV sgRNA production was directly related to the position of the 5ЈTR within the genome. The 5ЈTR elements placed at two different positions in the genome appeared to produce their sgRNAs in opposite ratios; in each case, the smaller sgRNA accumulated to the higher level. As previously shown for CTV 3Ј ORF controller elements, alteration of position did not equally affect the accumulation of 5Ј-and 3Ј-terminal sgRNAs (4) . Distance from the 3Ј terminus appears to decrease 3Ј-terminal sgRNA accumulation considerably more than distance from the 5Ј terminus affects the accumulation of 5Ј-terminal sgRNAs. CTV has 10 internal ORFs expressed via 9 or 10 3Ј-coterminal sgRNAs. We previously characterized some of the elements for the production of these sgRNAs (4) . The 5ЈTR and the 3Ј controller elements appear to have some similarities. The 5ЈTR, along with the controller elements of the major and minor coat protein genes, mapped to minimal elements of approximately 50 nt which were folded by the computer into two stem-loop structures. However, mutagenesis provided little support for the secondary structures, perhaps because primary structures also were important. Both types of cis-acting elements produce 5Ј-and 3Ј-terminal plus-strand sgRNAs that, when added together, approximate the size of the genomic RNA. Otherwise, the 5ЈTR element differed considerably from the 3Ј controller elements. A unique characteristic of the 3Ј controller elements is that each controls the production of a third sgRNA: relatively large amounts of a minus-strand sgRNA complementary to the 3Ј-terminal mRNA. The 5ЈTR produced only plus strands of the 3Ј-terminal sgRNA. The production of the minus-strand sgRNAs was repressed by the p23 gene (19) , whereas the p23 gene did not appear to affect the function of the 5ЈTR. Also, even though the 5ЈTR and the 3Ј ORF controller elements were each folded into a pair of stem-loop structures by the MFOLD program, the sensitivities to mutagenesis were opposite: the 5Ј-most region of the minimal active 5ЈTR and the 3Ј-most region of the minimal 3Ј ORF controller elements tolerated little mutagenesis, whereas their opposite regions tolerated substantial mutation. These differences between the sgRNA controllers at opposite ends of the CTV genome suggest that during modular evolution of this virus, the different controllers might have originated from different sources, perhaps from recombination between different viruses, as has been suggested previously for CTV (2, 11) .
Although the 5ЈTR element produced only plus strands of the 3Ј-terminal sgRNA, suggesting internal initiation on the minus strand, a dilemma is that we have not been able to distinguish how the 3Ј-ORF controller elements work; which sgRNA, the plus or minus strand, is produced from the fulllength RNA? Are the 3Ј-terminal plus-strand mRNAs produced via internal promotion from the full-length cRNA (classic promotion) (13) , or are the subgenomic minus strands produced by termination at the controller region, followed by transcription of mRNAs from the minus subgenomics as demonstrated for arteriviruses (24)? Production first of the minusstrand sgRNAs followed by transcription of the plus-strand sgRNAs from the minus-sense sgRNAs would suggest a cisacting element on the 3Ј ends of the minus-strand sgRNAs for initiation of mRNA transcription. However, deletions or insertions to completely alter the expected cis-acting element, the 3Ј regions of minus-strand sgRNAs, had no effect on either plusor minus-strand sgRNA synthesis, casting doubt on this mechanism (4) . Synthesis first of the plus-strand sgRNAs via promotion leaves the question of how and why the minus-strand sgRNAs are produced. An obvious possibility would be that the replicase complex initiates minus-strand RNA synthesis at the 3Ј terminus of all plus strands (the minus-strand promoter), copying the mRNAs to produce minus-strand sgRNAs. This strategy would appear to be supported by the fact that the p23 protein reduces the synthesis of both genomic and subgenomic minus strands (20) . However, the 5ЈTR produces 3Ј-terminal sgRNAs which apparently have 3Ј-terminal sequence identical to that of the 3ЈORF mRNAs, and thus the identical promoter for minus-strand synthesis. Yet, the sgRNAs from the 5ЈTR were not copied to produce minus strands, suggesting that minus-strand sgRNAs also are not copied from the 3Ј-ORF mRNAs. Thus, we appear to be left with a scheme in which the 3Ј-ORF controller elements produce 3Ј-terminal plus-strand sgRNAs by promotion and minus-strand sgRNA independently by termination.
Both LMT1 and LMT2 RNAs are produced by wild-type CTV of several strains (2, 10), while only LMT1 RNAs are produced by the replicons with all or most of the 3Ј genes deleted. This demonstrates that none of the 3Ј genes are necessary for production of the longer LMT1 RNAs, but it might suggest an involvement of these genes in production of the shorter 5Ј-terminal LMT2 RNAs. Alternatively, some 3Ј gene functions, such as assembly or movement, might process the larger LMT RNAs into the population of smaller RNAs.
So the final dilemma is defining the functions of the RNAs produced by the 5ЈTR. It is possible that only one of the RNAs is functional and the other is "accidental." There is considerable information suggesting that specific sequences or structures cause pausing and termination of polymerases (3, 8, 25, 27) . It is possible that the 5Ј-terminal sgRNAs of CTV are produced by accidental termination at promoter structures. A normal function of the 3Ј ORF controller elements (4), as observed with Sindbis virus (26) and Tobacco mosaic virus (TMV) (unpublished data from our laboratory), is to produce 5Ј-terminal sgRNAs, perhaps "accidentally," in addition to the subgenomic mRNAs. But why would the virus have a sgRNA promoter ϳ800 nt from the 5Ј terminus? One possible function for a near-full-length RNA missing the 5Ј terminus could be to serve as a dedicated messenger for replicase-associated proteins. The genomic RNA of plus-strand RNA viruses is thought to function as the mRNA for replicase, as the template for minus-strand synthesis, and as the substrate for assembly. Additionally, CTV has to make nine or ten different 3Ј-ORF mRNAs. Thus, the competition for the genomic RNA might increase with size and complexity in ssRNA viruses. Since both ends of the viral RNAs can function in the production of both plus-and minus-strand RNAs (1), an RNA with the absence of the 5Ј cis-acting elements could be free to function only as an mRNA. However, the fact that mutations that prevented the promoter function of the 5ЈTR had no negative effect on the replication of CTV discredits this hypothesis. It also is possible that the LMT RNAs are functional and the promotion is accidental. The psuedoknots in the 3ЈNTR of TMV function effectively as an apparent accidental promoter (21) . However, when the native 5ЈTR was mutated to produce neither the LMT1 RNAs nor the 3Ј-terminal sgRNA, we saw no effect on the replication of CTV in protoplasts. Is it possible that neither sgRNA is functional?
